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The auditory CNS is influenced profoundly by sounds heard during development. Auditory deprivation
and augmented sound exposure can each perturb the maturation of neural computations as well as their
underlying synaptic properties. However, we have learned little about the emergence of perceptual skills
in these same model systems, and especially how perception is influenced by early acoustic experience.
Here, we argue that developmental studies must take greater advantage of behavioral benchmarks.
We discuss quantitative measures of perceptual development and suggest how they can play a much larger
role in guiding experimental design. Most importantly, including behavioral measures will allow us to estab-
lish empirical connections among environment, neural development, and perception.Most toddlers are enthusiastic talkers, so it may come as
a surprise that humans do not attain the full complement of
mature auditory perceptual skills for over a decade. Such
a long period for maturation of sensory perception implies that
experience may have a significant impact on the outcome. In
fact, the number and strength of synapses are quite malleable
when animals begin to interact with the environment, after
most sensory connections have formed rather accurately.
During this phase of life, central nervous system structure and
function can be modified profoundly by auditory experience, in
a way that has long-term effects on perception.
Support for the role of experience in auditory development
emerges from studies showing that sound exposure or depriva-
tion can affect central form and function. For example, the
acoustic rearing environment can shape frequency coding
(Sanes and Constantine-Paton, 1985), tonotopic maps (Noren˜a
et al., 2006; Yu et al., 2007; Kandler et al., 2009; Barkat et al.,
2011), spatial processing (Knudsen, 1999; Popescu and Polley,
2010), and vocalization coding (Razak et al., 2008; George
et al., 2010; Woolley et al., 2010). Despite these compelling
demonstrations, direct correlations between the neurophysio-
logical and perceptual effects of experience are uncommon.
Moreover, we know little about the development of auditory
perception for any species other than humans.
Here, we argue that the interpretation of neural development
and plasticity findings must take greater advantage of an essen-
tial benchmark: behavioral relevance. For our purposes, behav-
iorally relevant neural mechanisms are defined as those that
correlate closely with, or are causally related to, the perception
of sound. We first describe what is known about the develop-
ment of auditory perceptual skills and then examine its relation-
ship to central auditory processing. We next evaluate evidence
that the acoustic rearing environment alters neural properties
in such a way that perceptual skills are likely to be affected.
Along the way, we suggest research opportunities that can912 Neuron 72, December 22, 2011 ª2011 Elsevier Inc.bridge our understanding of experience-dependent develop-
mental plasticity in the auditory system and the natural develop-
ment of perceptual skills.
Auditory Perceptual Skills Emerge Slowly and
Asynchronously
The awkward truth is that our understanding of auditory percep-
tual development draws largely from studying one species, us.
Two broad principles to emerge from human studies are that
perceptual maturation extends through adolescence and that
the age at which adult-like performance is attained varies
tremendously across skills (Figure 1). In this section, we empha-
size the research studies that support this conclusion and then
consider how sensory and nonsensory factors might account
for the findings.
Human Perception of Frequency and Intensity
Frequency resolution (tone detection in the presence of a second
nearby tone) matures first for low frequencies, but is adult-like by
6 months at all frequencies tested (Spetner and Olsho, 1990;
Schneider et al., 1990; Hall and Grose, 1991). This corresponds
to cochlear development, including functional measures sug-
gesting that the low frequency region of the cochlea matures
somewhat earlier (reviews: Ru¨bsamen and Lippe, 1998; Abdala
and Keefe, 2012). In contrast, frequency discrimination (i.e.,
hearing a difference between two tones presented sequentially)
does not mature until roughly 10 years of age for low-frequency
tones (Maxon and Hochberg, 1982; Olsho, 1984; Sinnott and
Aslin, 1985; Olsho et al., 1987; Jensen and Neff, 1993; Thomp-
son et al., 1999; Moore et al., 2011). To detect a difference in
intensity between two sounds, infants require about a 6 dB
increase; this declines to 2 dB by 4 years of age for sounds of
sufficient duration, but may not be fully mature until 10 years
(Sinnott and Aslin, 1985; Maxon and Hochberg, 1982). Thus,
even for the most basic auditory percepts, human performance
emerges gradually over nearly a decade.
Figure 1. Human Auditory Perceptual Skills
Develop over at Least 10 Years
The schematic summarizes the age at which different
perceptual skills reach a mature state (see text for
description of each percept). Note that frequency resolu-
tion matures earliest, reflecting the development of
cochlear function. At the other extreme, AM detection
thresholds and perceptual learning are not adult-like until
well after 10 years of age (frequency resolution: Abdala
and Keefe, 2012; gap detection: Wightman et al., 1989;
azimuthal discrimination: Litovsky, 1997; intensity
discrimination: Maxon and Hochberg, 1982; duration
discrimination: Jensen and Neff, 1993; FM detection:
Banai et al., 2011; informational masking: Wightman et al.,
2010; backward masking: Wright and Zecker, 2004; low
frequency discrimination: Moore et al., 2011; AM detec-
tion: Banai et al., 2011; auditory perceptual learning:
Huyck and Wright, 2011).
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Temporal processing displays a range of developmental time
courses. For example, juveniles (thosewho have passed infancy,
and have adult-like cochlear processing, but who have not yet
reached sexual maturity) and adults display differences in
temporal integration, the process whereby information is
summed over time, resulting in the best possible detection or
discrimination thresholds (Maxon and Hochberg, 1982; Berg
and Boswell, 1995; Moore et al., 2011). Figure 2 shows two
experiments in which tone threshold was determined at both
a short and a long duration. In both cases, the young subjects
display greater improvement (blue D) than adults (red D). This
is because their performance is exceptionally poor at the
short stimulus durations. The ability to discriminate duration
differences matures later, dropping from 80 to 20 ms between
6 years and adulthood (Elfenbein et al., 1993; Jensen and
Neff, 1993).
Some temporal processing skills such as the detection of
amplitude and frequency modulations (AM and FM) are excep-
tionally slow to mature. These cues are a predominant compo-
nent of communication sounds, including speech (Rosen,
1992; Shannon et al., 1995; Singh and Theunissen, 2003). In
humans, the detection threshold for AM stimuli continues to
mature beyond 12 years (Banai et al., 2011). Interestingly,
sound-evoked cortical potentials mature over the first 10 years
of life in humans, as do axonal arbors in supragranular cortical
layers (Ceponiene et al., 2002; Moore and Guan, 2001). These
findings illustrate that perceptual skills related to temporal
processing mature at different ages and suggest that the
underlying neural representations will also mature at different
rates.
Sensitivity and the Psychometric Function Slope
To this point, we have stressed the lower limits of detection for
many auditory tasks, but these are just convenient measures
plucked from parametric analyses. Thus, when we say that
adults detect smaller sound intensity differences than children,Neuronperformance has actually been quantified
across a range of sound levels. Plots that relate
an observer’s performance (y axis) to some
physical measure of the signal (x axis) are
generally called psychometric functions. Theslope of a psychometric function is thought to reflect ‘‘internal
noise,’’ a broad term that could encompass many neural inac-
curacies, including stimulus encoding. In fact, when electrical
stimulation is applied to a visual cortical area that contributes
tomotion processing while animals perform amotion discrimina-
tion task, their psychometric functions become shallow—that is,
the electrical stimulation appears to increase internal noise
(i.e., spikes that are unrelated to the stimulus) and reduce
discrimination (Murasugi et al., 1993). Children often have
much shallower psychometric functions than adults. For ex-
ample, intensity discrimination improves more gradually as the
intensity difference between two sounds increases (Figure 3A;
Buss et al., 2006; Buss et al., 2009). A similar pattern emerges
frommeasurements of tone threshold in the presence of a noise;
again, children have psychometric functions with shallower
slopes (Figure 3B; Allen and Wightman, 1994). We return to this
characteristic when discussing neural processing (below).
Distinguishing Sensory and Cognitive Development
Of consequence to neurophysiologists who study central mech-
anisms that support perceptual maturation is whether these
mechanisms can be detected at the level of encoding (i.e.,
sensory factors) or whether they operate at a more cognitive
level (i.e., nonsensory factors such as attention, memory, or
motivation). A key argument favoring nonsensory factors as
an explanation for immature perception is the finding that
diminished sensitivity is often accompanied by less consistent
performance. That is, if young animals display more variable
performance on a task, as compared to adults, then it is thought
that they cannot rally as much attention (Allen et al., 1989; Wight-
man et al., 1989, Moore et al., 2010). The validity of this hypoth-
esis can be addressed, in part, by measuring proxies for
attention (e.g., intersession variance, response to catch trials,
false alarm rate, asymptotic performance) and asking whether
they correlate with developmental improvement in perceptual
thresholds. In fact, measures of attention during performance
on an auditory task can remain stable during development,72, December 22, 2011 ª2011 Elsevier Inc. 913
Figure 2. Young Subjects Are Especially Poor at Processing Very
Brief Sounds
These two examples illustrate the performance of young and adult subjects on
a perceptual task. In each case, the x axis displays the stimulus duration, and
the y axis displays the detection threshold for a tone.
(A) Detection thresholds for infants versus adults. Infants have much poorer
detection thresholds at both durations, but display a much greater improve-
ment (blue D) as duration increases from 10 to 100 ms, as compared to adults
(red D).
(B) Detection thresholds for 6- to 7-year-old children versus adults. Children
have poorer detection thresholds at the short duration, but improve more with
duration (blue D) than adults (red D), and display about the same threshold as
adults at 200 ms.
Panel (A) is adapted from Berg and Boswell (1995); panel (B) is adapted from
Moore et al. (2011).
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measures of attention do not have the same developmental
trajectory as performance on tasks such as AM detection, FM
detection, or intensity discrimination (Dawes and Bishop, 2008;
Sarro and Sanes, 2010; Buss et al., 2009; Banai et al., 2011).
Furthermore, the maturation rates for different auditory tasks
are not correlated (Figure 1), as would be expected if a nonsen-
sory factor (e.g., attention) had a uniform influence on perfor-
mance (Jensen and Neff, 1993; Hartley et al., 2000; Werner
and Boike, 2001; Wright and Zecker, 2004; Dawes and Bishop,
2008; Moore et al., 2011; Banai et al., 2011). This is not to914 Neuron 72, December 22, 2011 ª2011 Elsevier Inc.deny the certain influence of attention on juvenile performance
(Gomes et al., 2000). However, our conclusion is that immature
sensory processing does limit perceptual skills and is a logical
target for neurophysiological research.
Even if young animals are attentive to the task, they may listen
with a different strategy. Adults are much better at detecting
a sound frequency, duration, or presentation time that is ex-
pected, a phenomenon called selective listening (Greenberg
and Larkin, 1968; Dai and Wright, 1995; Wright and Fitzgerald,
2004). However, young animals appear to listen more broadly,
as illustrated in Figure 4. Adults are excellent at detecting
a tone that is presented on 75% of trials but poor at detecting
an adjacent tone that is presented on only 25% of trials (i.e.,
unexpected). In contrast, infants are excellent at detecting
both the high and low probability signals—that is, they do not
listen selectively (Bargones and Werner, 1994). The listening
strategy of children has also been explored with distracting
stimuli that interfere with detection of a signal, a phenomenon
called informational masking. When children are asked to recog-
nize speech through one ear, while distracting speech sounds
are presented to the other ear, they perform poorly. An adult
capacity for overcoming the distraction of the masker is not
reached until10 years (Wightman et al., 2010). Since descend-
ing control has been implicated both in selective listening and
auditory maturation (Scharf et al., 1997; Walsh et al., 1998; Lauer
and May, 2011), developmental studies of efferent mechanisms
may be of special interest to neurophysiologists.
Opportunities Await
Human behavior studies suggest that it is reasonable to search
for immature CNS encoding mechanisms, and it seems axiom-
atic that animal behavior studies can guide neurophysiologists
toward the most fruitful opportunities to identify the neural
bases of perceptual maturation (discussed below). The few
nonhuman studies on perceptual development suggest that
perception is quite immature initially (Kerr et al., 1979; Gray
and Rubel, 1985; Kelly and Potash, 1986; Kelly et al., 1987;
Gray, 1991, 1992, 1993a, 1993b). However, direct quantitative
comparisons of juvenile and adult performance are seldom
made simply because young animals are tested using a behaviorFigure 3. Psychometric Functions Are Shallower
in Young Subjects Than in Adults
These two examples illustrate the performance of young
and adult subjects on a perceptual task. In each case, the
x axis displays the stimulus, ranging from hard to easy
to detect and the y axis displays performance from chance
to excellent detection of the stimulus.
(A) The subjects are asked to determine whether two
tones are different in level. Both the child and the adult
reach excellent performance at a 12 dB difference, but
the child has a higher threshold and improves more
gradually.
(B) The subjects are asked to detect the presence of a
tone during a noise masker. Both the child and the adult
reach excellent performance at a tone level of 90 dB SPL,
but the child has a higher threshold and improves more
gradually.
Panel (A) is adapted from Buss et al. (2009); panel (B) is
adapted from Allen and Wightman (1994).
Figure 4. Young and Adult Subjects May Use
Different Listening Strategies
(A) Subjects were asked to detect a tone, but one
frequency was presented on 75% of the trials, and other
frequencies occurred much less frequently.
(B) The plot illustrates performance (y axis) for infants
(blue) and adults (red) as a function of the stimulus
frequency. Adults listen selectively for the stimulus that
occurs with a high probability (i.e., 1000 Hz), and perform
poorly when low probability tones are delivered. In
contrast, infants do not show this listening strategy; they
appear to listen broadly across the frequency spectrum
and perform quite well on stimuli that occur with a low
probability.
Adapted from Bargones and Werner (1994).
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a maternal call). There are behavioral procedures that can be
used to test perception in both juvenile and adult animals,
such as operant training. When procedures of this sort are
employed, clear age-dependent improvements in perception
are observed (Ehret, 1976; Sarro and Sanes, 2010). If perceptual
development can be characterized in nonhumans, using modern
techniques and high-resolution analyses, then neurophysiolo-
gists will, at last, have phenotypes against which to compare
their findings and models.
Early Auditory Experience Influences Perceptual Skills
Diminished Auditory Experience Impairs Perceptual
Development
During development, the sounds that are heard—and those
that are not heard—have the potential to shape adult percep-
tual skills. A prolonged period of developmental hearing loss
can lead to persistent deficiencies in human auditory process-
ing skills. These include the ability to locate sounds, detect
signals in noise, and discriminate frequency or amplitude
modulations (Hall and Grose, 1994b; Hall et al., 1995; Wilming-
ton et al., 1994; Kidd et al., 2002; Rance et al., 2004; Halliday
and Bishop, 2005, 2006). More importantly, developmental
hearing loss in humans may lead to delays in speech acquisi-
tion and perception (Scho¨nweiler et al., 1998; Psarommatis
et al., 2001; Svirsky et al., 2004; Pittman et al., 2005; Whitton
and Polley, 2011).
Experimental studies of auditory deprivation have focused
almost exclusively on binaural hearing and sound localization.
These studies ask whether a period of monaural sound attenua-
tion influences the maturation of binaural processing. In fact,
plugging one ear, even transiently during development,
profoundly impairs the ability to localize sounds after the plug
is removed (Clements and Kelly, 1978; Knudsen et al., 1984a;
Parsons et al., 1999; Moore et al., 1999; King et al., 2000). The
effect depends on the age at which monaural hearing loss
occurs. Young owls that are reared with one ear plugged can
gradually adjust, and eventually display normal sound localiza-
tion behavior, while older owls cannot adjust to the ear plug
and make large errors in localization (Knudsen et al., 1984a)—
that is, there is a sensitive period during which the developing
animal can learn to accommodate to the unilateral hearingloss. This sensitive period also applies to the restoration of
normal hearing. For owls reared with one ear plugged, accurate
sound localization does not develop when the plug is removed
after the animal is 40 weeks old (Knudsen et al., 1984b).
Evidence for a sensitive period has also been found in humans
born with unilateral conductive hearing loss due to atresia to
one ear (i.e., the absence of an ear canal and malformation
of the middle ear). The ability to understand speech in the
presence of noise, a task that takes advantage of binaural pro-
cessing, improves after surgery to reverse the atresia. However,
the improvement declines with age at the time of surgery
(Gray et al., 2009). This result suggests that auditory perceptual
skills, and the underlying neural mechanisms, are most vulner-
able to auditory deprivation during a developmental sensitive
period.
Even when hearing is intact, the development of perceptual
skills can be impaired by removing specific acoustic features
from the rearing environment. For example, perceptual deficits
are found in songbirds that have been deprived only of song
exposure during the juvenile period. When evaluated as adults,
birds reared in the absence of adult songs exhibit frequency
discrimination deficits. Furthermore, birds reared without
hearing sibling or adult vocalizations show poor frequency
discrimination and song note recognition (Njegovan and Weis-
man, 1997; Sturdy et al., 2001). These studies suggest that the
maturation of auditory perception is not simply a matter of
hearing, but requires experience with specific features of the
acoustic environment.
Exposure to Novel Acoustic Environments Influences
Perceptual Development
If the loss of early auditory experience degrades behavioral
performance, then the opposite manipulation (augmented sound
exposure) might be expected to improve perception. Studies
that address this issue commonly expose developing animals
to a specific acoustic environment, often for a prolonged period.
However, the effects are usually assessed by recording from the
nervous system (below), and the behavioral impact is not well
understood. When developing rats are exposed to a single
frequency for 3 weeks and then tested on a frequency discrimi-
nation task in adulthood, their perceptual skills display an intri-
cate set of changes. As adults, these animals actually display
poor discrimination at the exposed frequency, yet theirNeuron 72, December 22, 2011 ª2011 Elsevier Inc. 915
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controls (Han et al., 2007). In contrast, when young animals
are exposed to noise for days or weeks, behavioral measures
reveal diminished or delayed capacities (Philbin et al., 1994;
Zhang et al., 2008; Zhou and Merzenich, 2009; Sun et al.,
2011). Because the tone or noise levels used in these experi-
ments appear to be too low to injure the cochlea, the behavioral
impact is probably attributable to central changes (below).
Learning during Development Can Improve Adult
Perceptual Skills
A second approach to evaluate how acoustic stimulation influ-
ences development is to assess auditory learning. An excep-
tional series of studies by Gilbert Gottlieb (1975a, 1975b, 1978,
1980, 1981, 1983) used a biologically relevant form of learning,
called vocal imprinting, to examine the role of early auditory
experience in behavioral responses to sound. Devocalized and
isolated ducklings do not develop accurate sensitivity to
maternal calls, but this perceptual skill is rescued by stimulating
the ducklings with natural vocalizations. Preference for the
natural call note repetition rate and frequency modulation must
be induced or maintained by experiencing those acoustic
features. However, merely hearing the right sound may not be
sufficient to influence perceptual development; it is often gated
by nonauditory factors, such as the state of arousal (Gottlieb,
1993; Sleigh et al., 1996; Markham et al., 2006). Even very brief
periods of sound exposure can induce new perceptual skills
when the acoustic features have a reliable statistical structure
(e.g., a high probability that two sounds occur sequentially). After
only 2 min of experience, infants can discriminate familiar
syllable sequences from novel ones, including those from
a natural language (Saffran et al., 1996; Pelucchi et al., 2009).
This process of statistical learning may require a certain degree
of attention and social interaction (Toro et al., 2005; Kuhl, 2007).
Studies focused on the emergence of vocal behavior in
songbirds have demonstrated the importance of early sensory
exposure to natural communication sounds on adult perception.
In zebra finches, hearing vocalizations begins to influence
auditory perception and vocal behavior shortly after auditory
brainstem thresholds mature (Amin et al., 2007). Starting at
posthatch day 20, juveniles memorize the songs of adult tutors.
This period of auditory learning generates the perceptual
templates used for motor learning of vocal production by males.
In addition to vocal learning, both males and females remember
the songs that they hear frequently during development and are
attracted to similar sounds in adulthood. For example, zebra
finches develop preferences for hearing conspecific song over
heterospecific song based on juvenile early experience, and
females sexually imprint on the songs that they hear as juveniles
(Miller, 1979; Peters et al., 1980; Clayton, 1988; Clayton and
Prove, 1989; Nagle and Kreutzer, 1997; Riebel et al., 2002; Lauay
et al., 2004).
Cross-fostering studies provide additional support for the idea
that perceptual preferences are shaped by hearing communica-
tion vocalizations during development. Both males and females
that are raised by adults of another species or subspecies fail to
show consistent preferences for conspecific songs as adults and
show increased attraction to heterospecific songs (Immelmann,
1969; Clayton, 1988, 1990; Campbell and Hauber, 2009). These916 Neuron 72, December 22, 2011 ª2011 Elsevier Inc.studies suggest that juvenile exposure to adult communication
sounds influences auditory system maturation, but we do not
yet know how to relate the effects of vocal experience on
behavior to the functional development of auditory circuits and
cellular properties (below).
In adults, auditory training on a variety of perceptual tasks
inevitably leads to improvement in performance (Recanzone
et al., 1993; Wright et al., 1997; Ari-Even Roth et al., 2003; Beitel
et al., 2003; Brown et al., 2004; Sakai and Kudoh, 2005; Rutkow-
ski and Weinberger, 2005; Mossbridge et al., 2006; Polley et al.,
2006; Blake et al., 2006; van Wassenhove and Nagarajan, 2007;
Draganova et al., 2009; Ilango et al., 2010; Bieszczad and
Weinberger, 2010; Comins and Gentner, 2010). In contrast,
adolescent humans and juvenile gerbils do not display adult-
like perceptual learning, even when they begin training with
adult-like perceptual skills and display adult-like measures of
attention (Sarro and Sanes, 2010; Huyck and Wright, 2011).
When trained on a duration discrimination task for 10 days,
11-year-old children exhibit no perceptual learning, whereas
adults improve significantly when trained on the identical task.
Of course, it is possible that some other training regimen might
lead to performance improvement in young animals, but the
key point is that they do not display an adult form of learning.
If auditory training during development does not yield an
immediate change in performance, then perhaps it provides
some advantages for future performance, and this only becomes
evident in adulthood. Only a few experiments have asked how
learning during development influences adult perceptual skills.
For example, when gerbils are trained on an AM detection task
during development, the experience exerts a unique improve-
ment on adult perceptual skills; the identical training in adults
does not result in the same improvement (Sarro and Sanes,
2011). In humans, musical training is associated with a broad
range of perceptual skills in adulthood (Kraus and Chandrase-
karan, 2010). Therefore, auditory experience can produce
distinct behavioral outcomes, depending on the specific balance
of acoustic stimulation and learning.
The Need for Innovative Environmental Manipulations
To summarize, even very brief exposure to specific sounds may
enhance perceptual skills. This is best illustrated by experi-
ments in which animals are actively engaged in learning, and
especially when natural communication sounds are involved.
In contrast, the behavioral impact of prolonged exposure to
arbitrary waveforms is poorly understood (for a cogent valuation
of controlled rearing experiments and perceptual development,
see Chapter 12 in Gibson, 1969). Studies in which the rearing
environment is chronically biased to one sound (e.g., tones or
clicks) demonstrate convincingly that the environment can
influence neural processing (below). However, it has been
challenging to interpret this data in the absence of behavioral
phenotypes.
Moving forward, we suggest that environmental manipulations
can be optimized to address questions concerning both
normal development and pathology. To understand the natural
activity-dependent mechanisms that regulate nervous system
development, neurophysiologists should embrace paradigms
that more closely resemble the exposure and learning that
animals experience in the natural world. Thus, to understand
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statistical learning mechanisms, future sound rearing studies
may exploit a novel set of statistical relationships of modest
complexity (McDermott and Simoncelli, 2011). They can also
address the impact of statistical relationships that are available
at irregular and unpredictable times during the day. Moreover,
perceptual learning paradigms should play a more prominent
role in developmental manipulations since this approach does
lead to dramatic changes in auditory detection and discrimina-
tion, including arbitrary waveforms. In contrast, to understand
the pathological consequences of an unnatural acoustic environ-
ment, neurophysiologists should step up their assessment of
behavioral deficits that accompany developmental hearing loss
or chronically noisy environments (Lauer and May, 2011; Pien-
kowski and Eggermont, 2011).
Normal Maturation of Central Auditory Computations
A common assumption is that central auditory coding properties
that diverge from those displayed by control adults must be
associated with diminished perceptual skills. However, estab-
lishing a quantifiable relationship between function at the cellular
and circuit level and perception is challenging. Furthermore,
most development and plasticity studies are based on record-
ings from anesthetized animals, leading to some uncertainty
about their relationship to the processing that occurs during
behavior. Below, we provide abridged reviews of developmental
physiology in normal animals and suggest opportunities that
would be afforded by incorporating behavioral observations.
Development of Frequency Processing
Thematuration of neural coding ismost often assessed along the
same three acoustic parameters (frequency, level, time) that are
discussed above with reference to human perceptual develop-
ment. Measures of frequency processing include single-neuron
tuning curves (a plot of the minimum sound level that drives
the neuron as a function of sound frequency) and tonotopic
maps (the regular progression of characteristic frequency along
one axis of a neural structure). By each measure, frequency
processing appears to mature at a relatively early age. For
example, rodent brainstem and cortical tuning curves and
tonotopic maps appear to be mature within days of hearing
onset (Sanes et al., 1989; Romand and Ehret, 1990; Ehret and
Romand, 1992; de Villers-Sidani et al., 2007; Bonham et al.,
2004). For precocial mammals, the tonotopic map is mature at
birth (Pienkowski and Harrison, 2005). A few developmental
studies suggest that auditory CNS processing lags behind the
auditory nerve (Brugge et al., 1981; Romand, 1983; Saunders
et al., 1980; Shnerson and Pujol, 1981), but uncertainty remains
for most coding properties.
In contrast to frequency tuning curves and maps, the
presumptive basis for discrimination of low frequencies (below
2 kHz), phase-locking (temporally precise discharge at the
same phase of each period) matures more slowly in cochlear
nucleus than auditory nerve, becoming adult-like at 4 weeks
in cats (Brugge et al., 1978; Kettner et al., 1985). The rapid matu-
ration of tuning curves and tonotopic maps suggests that
perceptual discrimination of high frequencies should mature
before discrimination of low frequencies. Human behavioral
studies indicate that frequency discrimination is late to mature,particularly at low frequencies. Therefore, if sensory factors limit
perceptual skills, then we would expect the neural mechanisms
that support discrimination of high frequencies (e.g., tuning
curves) and perceptual discrimination of high frequencies to
mature before mechanisms that support discrimination of low
frequencies (e.g., phase-locking) and behavioral discrimination
of low frequencies. This question can only be tackled when
behavioral data become available in developing animals from
which these recordings can be obtained.
Development of Sound Level Processing
Measures of sound level coding also mature rapidly. By way of
comparison with phase-locking (see previous paragraph), cat
cochlear nucleus neurons display a mature dynamic range (the
dB range acrosswhich spike rate increases) andmaximum spike
rate by3 weeks (Brugge et al., 1981; Walsh andMcGee, 1987).
Therefore, the resolution of level coding (spikes per change in
dB) is fully developed long before adulthood. In principle, this
would permit mature intensity discrimination from an early age.
If there is a relative order to the appearance of mature coding
that reflects perceptual development, then we would expect
adult-like level coding at a time when amplitude modulation
coding remains immature. Recordings from single neurons in
awake gerbils are consistent with this idea. As a population,
cortical neurons display a mature distribution of dynamic range
and maximum discharge rate during late juvenile development.
However, they do not display adult-like sensitivity to AM depth
(Rosen et al., 2010). The delayed maturation of AM encoding is
consistent with behavioral measures showing that juveniles are
less sensitive to AM depth (Sarro and Sanes, 2010), but there
is no comparable data set on intensity discrimination. Neuronal
responses to frequency modulated (FM) stimuli can also display
a relatively prolonged period of maturation, depending on the
stimulus attribute. In bats, the selectivity of cortical neurons for
FM rate is mature within 2 weeks of birth, but selectivity for FM
direction continues to improve for over 12 weeks (Razak and
Fuzessery, 2007). FM direction selectivity also matures relatively
late in precocial animals (Brown and Harrison, 2010).
Concepts Emerging from Studies of Normal
Development
To recap, behavioral evidence (primarily from humans) and
electrophysiological evidence (primarily from nonhumans) lead
to the hypothesis that central auditory system development is
responsible for much of the age-dependent improvement in
perceptual performance, even for relatively simple percepts
(Figure 1). This idea is based on the observation that frequency
resolution, a proxy for cochlear processing, is mature by
6 months in humans (Hall and Grose, 1991; Spetner and Olsho,
1990). In fact, functional measurements of frequency resolution
and dynamic range do indicate that the cochlea is mature by
6 months (for review, see Abdala and Keefe, 2012), while
auditory brainstem and cortical evoked potentials mature at
z4 years and late adolescence, respectively (Ponton et al.,
1996; McGee and Kraus, 1996; Johnson et al., 2008; Sussman
et al., 2008; Mu¨ller et al., 2009). A similar case can be made for
rodents such as gerbils; the cochlear amplifier is mature by post-
natal day (P) 30, while cortical evoked potentials do not mature
until zP60 (Mills and Rubel, 1996; Kraus et al., 1987a, 1987b).
Thus, the maturation of central processing is delayed relativeNeuron 72, December 22, 2011 ª2011 Elsevier Inc. 917
Figure 5. The Relationship between Developmental Changes in
Perceptual Skills and a Theoretical Neural Response
(A) The plot shows psychometric functions for an adult (red dashed) and
a juvenile (blue dashed) subject. For both subjects, performance improves
(y axis) as stimulus magnitude increases (x axis). However, the juvenile’s
psychometric function displays a shallower slope, as illustrated in Figure 3.
From these psychometric functions, we can make inferences about the
underlying neural processing. Shown beneath the plot are a set of hypothetical
918 Neuron 72, December 22, 2011 ª2011 Elsevier Inc.
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correlated in time with perceptual development.
Using the Kinetics of Auditory Processing
The relationship between the stimulus duration and optimal
performance on an auditory task, called temporal integration,
differs with age. Themost common assay of temporal integration
measures a subject’s thresholds for detecting a sound as its
duration increases. Temporal integration differs markedly in
infants and adults; to determine whether a sound is coming
from the right or left side, infants must listen for about 1 s,
whereas adults need only a few milliseconds (Clarkson et al.,
1989). Studies suggest that children are particularly poor when
stimulus duration is < 20 ms, although temporal integration is
adult-like above this duration (Figure 2) (Maxon and Hochberg,
1982; Berg and Boswell, 1995; He et al., 2010; Moore et al.,
2011). Using behavioral findings like this to guide experiments,
a relatively simple comparison of the time constant for optimal
performance could be used to correlate perceptual skills to
neural coding over the course of development.
Using the Profile of Psychometric Functions
Children often display a more gradual improvement in perfor-
mance as stimulus magnitude increases (Figure 3). The position
and shape of these functions can be used to make inferences
about the underlying neural processing. Figure 5A (top) shows
a hypothetical psychometric function for an adult (red dashed),
and a second for a juvenile with a shallower slope (blue dashed).
These behavioral data can be used to generate hypothetical
internal neural responses that represent the target stimuli using
signal detection theory (see figure legend for details). Using
this framework, Figure 5A (top) illustrates one simple model to
account for poor performance in developing animals: for a given
stimulus magnitude, the juvenile mean internal response has
a larger variance (blue distributions) and overlaps more with
the mean internal signal when no stimulus is present (gray distri-
butions), as compared to the adult (red distributions). That is, the
juvenile internal responses are more difficult to discriminate from
one another. For comparison, Figure 5B presents an alternative
model that could account for poor performance in developing
animals: for a given stimulus magnitude, the juvenile mean
internal responses (blue distributions) increase less as stimulus
magnitude gets larger, as compared to the adult (red distribu-
tion). If psychometric functions were available from developinginternal neural responses that represent the target stimuli, one for an adult (red)
and one for a juvenile (blue). Sensitivity to the target stimulus increases as the
mean internal response becomes larger, but variance of this internal signal also
has a profound influence. For a given difference in mean internal response,
sensitivity is lower if variance is larger. Here, the mean internal response has
a larger variance for the juvenile (blue normal distributions), and overlaps
more with the mean internal signal when no stimulus is present (gray normal
distributions), as compared to the adult (red normal distributions). That is, the
juvenile internal responses with stimulus present are more difficult to
discriminate from those without a stimulus (i.e., lower sensitivity), as compared
to the adult. If an internal signal of this sort could be identified in juvenile and
adult animals, then we would expect the neurometric functions (solid red and
blue lines) to mirror the psychometric functions.
(B) For the purpose of discussion, we illustrate a second possibility in which
the juvenile and adult psychometric functions have the same slope, but the
juvenile function is shifted to the right. Here, the juvenile’s mean internal
responses (blue distributions) increase less as stimulus magnitude increases,
as compared to the adult (red distribution).
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neurometric analyses of the putative internal signal (solid blue
and red lines). Of course, the more rigorous the experiment
(e.g., recording responses while animals perform the task), the
more plausible the analysis. The key point is that one can
construct models to motivate specific hypotheses about the
development of auditory processing.
Developmental Plasticity of Central Auditory
Computations
The descriptive studies of normal development, discussed
above, establish a framework for deductive research that seeks
to understand how early auditory experience influences adult
perceptual skills and their underlying central auditory computa-
tions. Again, the fundamental premise is that experience-depen-
dent changes in CNS coding properties are causally related to
certain perceptual skills. In this section, we emphasize research
studies that have considered this relationship, especially those
that explore the impact of natural acoustic stimuli.
Behaviorally Relevant Neural Changes Induced by
Experience
The idea that auditory coding properties do not mature properly
in the absence of acoustic experience receives its strongest
endorsement from studies in barn owls showing that monaural
deprivation induces altered connectivity and binaural coding
properties of midbrain neurons, and these changes correlate
closely to abnormalities in sound localization (Knudsen et al.,
1984a; Mogdans and Knudsen, 1993, 1994; DeBello et al.,
2001). The neural effects of unilateral hearing loss depend on
the age at which the manipulation occurs. For example, when
rats are reared with one ear ligated, stimulation through the
open ear is subsequently found to elicit a stronger than normal
cortical response in adulthood. However, when the samemanip-
ulation is performed on adults, this augmented response does
not occur (Popescu and Polley, 2010). This indicates that there
is a sensitive period during which one can observe correlated
changes in both neural coding and behavior. Furthermore, the
results offer amechanistic explanation for the perceptual deficits
that may follow periods of conductive hearing loss in children
(Whitton and Polley, 2011).
There is some evidence that early acoustic stimulation leads to
correlated neural and behavioral changes as well. For example,
noise pulse exposure beginning when the auditory system is not
yet mature can delay the behavioral and neural signs of high-
frequency hearing loss in several mouse strains (Willott et al.,
2000; Willott and Turner, 2000). Continuous exposure of rat
pups to pure tone pulses leads to an enlarged cortical represen-
tation of that frequency and reduces the representation of
adjacent frequencies. This functional effect is closely correlated
with impaired discrimination near the exposure frequency but
improved performance at neighboring frequencies (Han et al.,
2007). Even 3 days of pure tone exposure, initiated soon after
the onset of hearing, can disturb the tonotopic projection from
auditory thalamus to cortex (Barkat et al., 2011). This finding
implies that adult auditory skills could be impacted by relatively
brief periods of augmented experience. Therefore, the few
studies to have examined the relationship between neural and
behavioral changes support the strength of this approach.Late-Developing Neural Properties May Be More
Influenced by Experience
As with normal development, those interested in central
plasticity may find the greatest opportunity in focusing on
late-developing perceptual skills and their associated neural
representation, thus minimizing conflation with cochlear matura-
tion. Based on human research (Figure 1), we speculate that
perceptual skills that rely on temporal processing (e.g., low-
frequency discrimination, FM detection, AM detection) would
serve this goal. Coupled with the fact that natural sounds are
composed of temporal correlations and amplitude modulations
(Singh and Theunissen, 2003), it is plausible that experience-
dependent plasticity plays a prominent role in the maturation of
temporal processing circuits. One approach is to examine the
plasticity of amplitude modulation (AM) coding. Central
coding of AM is well characterized in adults of several species
(Krishna and Semple, 2000; Liang et al., 2002; Joris et al.,
2004; Woolley and Casseday, 2005; Wang et al., 2008; Woolley
et al., 2009), and animals, including juveniles, can be operantly
conditioned to indicate when they detect AM signals (Schulze
and Scheich, 1999; Sarro and Sanes, 2010, 2011) or temporal
gaps in continuous sounds (Wagner et al., 2003). Therefore,
the behavioral relevance of experimentally induced shifts in
pattern discrimination could provide fertile ground for develop-
mental plasticity studies. For example, exposing rat pups to
FM stimuli has a differential effect on cortical physiology, de-
pending on the age of exposure (Insanally et al., 2009). The
behavioral impact remains to be determined, but the physiology
results predict that the effects of FM exposure on perception will
vary with the age of the experience.
Correlating early-stage changes in physiology with perceptual
development is plausible given that both young and older
animals exhibit some similar reflexive behaviors such as paired
pulse inhibition. Habituation generalization may also serve as
a successful assay for early perceptual development. However,
the fundamental challenge to identifying causal relationships
between neonatal physiology and perception is that the entire
system, from pinna shape to descending motor pathways, is
immature. While experimental paradigms that examine early
development have proven fruitful, we suggest that late-devel-
oping perceptual skills are most favorable for the purpose of
identifying direct associations between neurophysiological
mechanisms and behavior.
Experiential Effects of Natural Sounds
Coding selectivity for the frequency modulations (FMs) inherent
to many vocalizations is firmly established for midbrain, thal-
amus, and ACx neurons (Suga, 1965; Heil et al., 1992; Mendel-
son et al., 1993; Rauschecker and Tian, 2000; Nelken and
Versnel, 2000). For example, bat midbrain and ACx neurons
respond selectively to downward FM sweeps that mimic their
sonar calls (Pollak et al., 2011; Fuzessery et al., 2011). This
‘‘direction selectivity’’ developsmonths after the onset of hearing
in the echolocation range and the use of sonar signals, suggest-
ing that experience plays a role in its development. Indeed, if
young bats are prevented from hearing normal echolocation
calls, the development of FM direction selectivity is compro-
mised (Figure 6; Razak et al., 2008). Additionally, development
of FM direction selectivity in the rat ACx is influenced byNeuron 72, December 22, 2011 ª2011 Elsevier Inc. 919
Figure 6. Early Exposure to Sonar Vocalizations Affects Neuronal
Directional Selectivity
(A) Young pallid bats can be reared vocalizing and hearing the sonar calls of
other bats (left) or vocally impaired and deprived of exposure to the sonar calls
of other bats (right).
(B) Frequency modulated (FM) sweeps mimicking sonar calls that differ in
direction. Downward sweeps (red) mimic the natural call while upward sweeps
(blue) are unnatural.
(C) Some single ACx neurons are selectively responsive to downward FM
sweeps (left) while other neurons are non-selective and respond to both
downward and upward FM sweeps (right).
(D) The percent of recorded neurons with low and high directional selectivity is
similar in normal and vocally deprived 30-day-old bats but is biased toward
low selectivity in 90-day-old bats that were reared without normal vocal
experience.
Panels (C) and (D) are adapted from Razak et al. (2008).
Figure 7. Early Exposure to Communication Vocalizations May
Influence Neuronal Selectivity
(A) Early song experience may influence the development of response selec-
tivity of auditory forebrain neurons for vocal sound features. Neural recordings
in songbirds rearedwith exposure to adult songmay showmore selectivity and
fewer responsive recording sites compared to neural recordings in songbirds
that were reared in isolation from adult song.
(B) Blood oxygenation level difference (BOLD) to presentation of a song and
a song syllable differ in the auditory forebrains of adult male zebra finches
reared with song experience and those reared in isolation from song. Panel (B)
is adapted from Maul et al. (2010).
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tage of studying FM processing is that the underlying circuit and
cellular mechanisms have, in part, been worked out (Ye et al.,
2010; Pollak et al., 2011; Fuzessery et al., 2011).
The manner in which experience-based plasticity influences
perception of communication sounds may provide a unique
opportunity to establish the relationship between neural proper-
ties and behavior. The acoustic rearing environment of songbirds
is rich in complex vocalizations and provides a paradigm to test
whether early exposure to natural sounds can influence auditory
coding in juveniles and adults. Because juvenile forebrain
neurons display weaker selectivity for song and lower respon-920 Neuron 72, December 22, 2011 ª2011 Elsevier Inc.siveness compared to adults (Amin et al., 2007), it is plausible
that auditory coding develops under the influence of song
experience. Indeed, early deprivation of song experience results
in abnormally large auditory responsive regions in ACx and
compromised neural selectivity in groups of neurons recorded
simultaneously, as depicted in Figure 7 (Cousillas et al., 2004;
Hauber et al., 2007; George et al., 2010; Maul et al., 2010). For
example, the number of physiological recording sites that
respond to songs is lower and the response selectivity of
recorded sites is higher in European starlings caught in the wild
(andpresumably exposed to a rich diversity of songs) than in star-
lings reared without exposure to adult song (George et al., 2010).
A general hypothesis that emerges from these studies is that
normal ACx development in animals that show vocal learning
depends on juvenile exposure to adult communication sounds.
Songbirds, including juveniles, can be trained to discriminate
among complex sounds and to demonstrate their perceptual
preferences for sounds by approaching or eliciting the presen-
tation of some sounds over others (Miller, 1979; Dent and Dool-
ing, 2004; Braaten et al., 2006; Gess et al., 2011). Therefore,
one can test for experience-dependent changes in perceptual
skills over the course of postnatal development and search
for neural coding correlates (Grace et al., 2003; Woolley
et al., 2005, 2010; Hauber et al., 2007; Phan et al., 2006;
Figure 8. Behavioral and Neural Coding Outcomes of Manipulating
Early Vocal Experience
(A) Spectrograms of songs show that juvenile zebra finches learn Bengalese
finch song when tutored by adult Bengalese finches. Top: song of the genetic
father of the zebra finch tutee. Middle: Song of the foster father, a Bengalese
finch. Bottom: song of the tutee. The tutee’s song is similar to the hetero-
specific tutor’s song and dissimilar to the genetic father’s song.
(B) Spike rates of single midbrain (left) and forebrain (right) neurons in response
to presentation of zebra finch songs. Spike rates are higher in neurons from
zebra finches tutored by zebra finches than in neurons from Bengalese finches
and from zebra finches tutored by Bengalese finches. Error bars are standard
deviations. **p < 0.01; ***p < 0.001. Panel (B) is adapted from Woolley et al.
(2010).
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ence in development of response selectivity for vocalization
types in the songbird ACx (e.g., Figure 7) can be examined in
parallel with perceptual tests, staggered over ages, to test
how perceptual behavior and neural representations of vocal
sounds covary with age and experience. Here, the opportunity
is to test hypotheses about how experience-dependent plas-
ticity drives the development of both neural coding strategies
and complex perceptual abilities that are clearly related to
natural behavior.
To further test the idea that exposure to natural sounds influ-
ences the maturation of songbird auditory circuits, songbirds
can be reared and tutored with either conspecific or heterospe-
cific song. The intent of this manipulation is to alter the acoustics
rather than the amount of auditory experience. One study has
shown that the responses of single central auditory neurons
display higher information coding capacities and firing rates in
male birds tutored with conspecific song, as compared to
birds tutored with heterospecific song, demonstrating that
experience and vocal learning are linked with auditory develop-
ment (Figure 8; Woolley et al., 2010). The influence of this kind of
experience on development of perceptual skills such as discrim-
inating among the unique songs of individual birds is still
unknown.The maturation of learning, itself, provides another unique
opportunity to assess auditory coding properties. As discussed
above, auditory training commonly improves adult performance,
but perceptual learning is poor in young animals (Sarro and
Sanes, 2010; Huyck and Wright, 2011). Although the effects of
learning have yet to be assessed in the developing auditory
CNS, a study in finches has shown that, at the level of sound
production, forebrain motor neurons display increased temporal
precision and rate as finches practice their songs (Crandall
et al., 2007).
Synaptic Correlates of Central Auditory Development
and Plasticity
Neural Maturation Is Influenced by Cochlear
Spontaneous Activity
Even before hair cells are activated by sound, they discharge
spontaneously and release transmitter, thereby eliciting bursts
of action potentials in primary auditory neurons, which then
excites central circuits (Tritsch et al., 2010; Johnson et al.,
2011). The presence of spontaneous activity prior to sensory
activation has been implicated in the maturation of synaptic
connections in the visual system (Feller, 2009) and may serve
a similar role in auditory development. For example, inhibitory
projections from the medial nucleus of the trapezoid body
(MNTB) to the lateral superior olive (LSO) undergo a dramatic
period of functional refinement before the onset of hearing
(Kim and Kandler, 2003). During this period, MNTB afferents
release three transmitters (GABA, glycine, glutamate), and
disruption of glutamate release prevents functional refinement
(Gillespie et al., 2005; Noh et al., 2010). A current model suggests
that the prehearing period of spontaneous activity-dependent
synapse maturation may lead to a second phase during which
silenced synapses are anatomically eliminated (Kandler et al.,
2009). Thus, activity-dependent plasticity occurs well in advance
of acoustic experience.
Many Synaptic Properties Develop Rapidly after Hearing
Onset
Our emphasis on the prolonged time course of perceptual matu-
ration implies that certain synaptic or biophysical properties
must also be late developing. However, studies that chart the
maturation of these cellular properties generally report that
maturation occurs rapidly, usually within 7–14 days of hearing
onset, in rodents. The development of synaptic potentials and
membrane properties has been particularly well studied in the
gerbil medial superior olivary (MSO) nucleus (Scott et al., 2005;
Magnusson et al., 2005; Chirila et al., 2007). MSO neurons are
extremely sensitive to the coincident arrival of excitatory events,
and they encode the sound localization cue called interaural time
difference. In the two weeks after hearing onset at P12, inhibitory
(IPSP) and excitatory postsynaptic potentials (EPSP) become
much faster, low-threshold-activating potassium currents
increase, and the AP threshold current rises (Figure 9A). These
results are broadly consistent with developmental findings
from several other auditory brainstem nuclei (Sanes, 1993; Kan-
dler and Friauf, 1995; Chuhma and Ohmori, 1998; Taschen-
berger and von Gersdorff, 2000; Brenowitz and Trussell, 2001;
Balakrishnan et al., 2003; Nakamura and Takahashi, 2007; Gao
and Lu, 2008; Sanchez et al., 2010). The rapid functionalNeuron 72, December 22, 2011 ª2011 Elsevier Inc. 921
Figure 9. Development of Synaptic and Membrane Properties in the
Rodent Auditory CNS
(A) Intracellular recordings were obtained from gerbil medial superior olivary
(MSO) neurons in brain slices obtained at several ages. The top graph plots the
half-width of inhibitory (IPSP, blue) and excitatory postsynaptic potentials
(EPSP, green) as a function of age. Whereas the duration of these events is
quite long at the onset of hearing (postnatal day 12), the half-width decreases
rapidly over 10–14 days. At the same time, the current required to elicit an
action potential and the magnitude of a critical potassium current also display
a swift maturation.
922 Neuron 72, December 22, 2011 ª2011 Elsevier Inc.
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surely have interesting correlates in auditory perception;
however, it will be tricky to disentangle the relative contribution
of CNS changes from those occurring concomitantly in the
middle ear and cochlea. Since auditory deprivation appears to
delay CNS maturation (below), it may be possible to ascertain
the contribution of central properties by comparing the percep-
tual abilities of control animals to those reared with moderate
hearing loss.
It is possible that there are late-developing synaptic properties
that help to explain limitations in juvenile perceptual skills, but
these properties are found at higher levels of the CNS. However,
intracellular recordings in brain slices and in anesthetized
animals suggest that synaptic transmission matures rapidly in
cortex as well. When neuron pairs are recorded in mouse audi-
tory cortex brain slices, such that synaptic potentials can be
quantified for individual connections, the IPSP and EPSP ampli-
tudes decline by about 30% during the two weeks after hearing
onset (Figure 9B). This decline may be explained by a 50%
reduction in the postsynaptic neurons’ input resistances (Oswald
and Reyes, 2008, 2011). In fact, some inhibitory synaptic
currents display a dramatic increase in amplitude during this
same period, suggesting that they are compensating for the
drop in resistance (Takesian et al., 2010). When whole-cell
voltage-clamp recordings are obtained in vivo from the auditory
cortex of anesthetized rat, the amplitudes of sound-evoked
IPSPs and EPSPs do not change significantly between the onset
of hearing and adulthood (Sun et al., 2010; Dorrn et al., 2010).
These synaptic events do display age-dependent alterations
such as frequency selectivity and response latency, but these
changes also tend to occur soon after hearing onset.
Identifying Late-Developing Cellular Properties
Because few late-developing cellular properties have been
described, one possibility is that immaturities are only observ-
able within the context of a network. For example, coding spar-
sity and efficiency are likely to have developmental time courses
that depend on synaptic properties. If this is the case, then
single-neuron coding properties will provide the most sensitive
assay for synaptic maturation. Before accepting this option, we
must toil a bit harder to measure synaptic and ionic properties
in tissue from mature adults. Whole-cell recordings obtained
from adult tissue are typically low in yield, and this may explain
why so few studies have included an assessment of cellular
properties from the latter period of development. A second
possibility is that the brain slice experiments that we conduct(B) Intracellular recordings from ACx neurons in mouse brain slices (left) and in
anesthetized rats (right) also suggest that development is rapid. By recording
from pairs of connected neurons in vitro, the amplitude of individual synaptic
events can be measured. Here, the recordings indicate that there is a modest
reduction in both IPSPs (blue) and EPSPs (green) over the first two weeks after
hearing onset.When sound-evoked events aremeasured in vivo, the latency of
inhibitory (IPSC, blue) and excitatory currents (EPSC, green) decline rapidly
within two weeks of hearing onset.
(C) Spontaneous IPSCs recorded from ACx neurons in a gerbil brain slice
display a faster decay time with development. Animals are sexually mature at
P80 and the sIPSC kinetics are not mature until this age.
Panel (A) is adapted from Scott et al. (2005) andMagnusson et al. (2005); panel
(B) is adapted from Oswald and Reyes (2008), Oswald and Reyes (2011), and
Sun et al. (2010); panel (C) is adapted from Takesian et al. (2011).
Figure 10. Use-Dependent Synaptic Plasticity during Development
(A) Whole-cell recordings were obtained from ACx neurons in anesthetized
rats, and tone pulses were delivered for 3–5 min. The sound-evoked inhibitory
(blue) and excitatory (green) synaptic conductance were each enhanced when
this procedure was applied to young neurons (<P22), but did not induce an
effect thereafter.
(B) Whole-cell voltage-clamp recordings were obtained from pairs of neurons
in the auditory cortex in brain slices from control animals and those that were
deafened just before hearing onset. The inhibitory synaptic currents produced
by fast-spiking (FS) inhibitory interneurons at pyramidal neurons are dramat-
ically smaller following hearing loss. The inhibitory synaptic currents produced
by a different class of inhibitory interneuron (LTS, low threshold spiking) do not
decline in amplitude. However, whereas the IPSCs from control LTS neurons
do not display short-term depression in response to a train of stimuli, hearing
loss causes them to exhibit synaptic depression. This is calculated as the ratio
of the 10th IPSC to the 1st IPSC.
Panel (A) is adapted fromDorrn et al. (2010); panel (B) is adapted from Takesian
et al. (2010).
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reveal age-dependent changes. That is, the brief trains of current
pulses delivered in vitro are not a realistic assessment for the
afferent activity patterns elicited by acoustic stimuli in vivo.Therefore, it seems plausible that a thorough search for late-
developing synaptic and membrane properties will be worth-
while. In fact, IPSC decay time in auditory cortex continues to
mature until sexual maturation (Figure 9C; Takesian et al.,
2011) Along this line, it is worth noting that the expression of
two GABAA receptor alpha subunits continues to change in
human visual cortex over the first decade of life (Pinto et al.,
2010).
Experience Influences Synaptic Function
Synapse function remains quite sensitive to environmental
manipulations after the onset of sound-evoked responses, but
there is little direct evidence on the precise critical period. One
recent study examined the effect of a brief period of acoustic
stimulation on the amplitude of EPSPs and IPSPs recorded in
the auditory cortex of anesthetized rats (Dorrn et al., 2010). As
shown in Figure 10A, there is a strong effect of stimulation with-
in about 10 days of hearing onset, but not thereafter. This
demonstrates a fairly brief critical period for use-dependent
strengthening of synaptic connections. A larger set of studies
has reported that a period of developmental deprivation (i.e.,
hearing loss) can lead to profound changes in synaptic strength
along the entire auditory CNS (Takesian et al., 2009). Figure 10B
shows one set of examples from the gerbil auditory cortex after
about one week of hearing loss (Takesian et al., 2010). One type
of inhibitory synapse made by fast spiking interneurons displays
a dramatic reduction in strength, while a second class of inhibi-
tory synapses displays an increase in short-term depression.
Although these examples of synaptic plasticity are presumed
to account for specific changes in auditory processing and
perception, we do not yet have a clear correlate, or even an
experimental design that will yield one.
Conclusions
The significance of experience-based plasticity depends, ulti-
mately, on its behavioral relevance. Furthermore, to properly
characterize and interpret a phenotypic change in behavior,
one typically requires an accurate description of the ‘‘wild-
type.’’ Here, we have argued that the behavioral phenotype is
too often missing from our approach to auditory development
and plasticity; put another way, significant opportunities can
be leveraged by taking advantage of the information provided
by studying normal behavioral development. A compelling
description of auditory development in children suggests that
perceptual skills mature at different rates and over a prolonged
period, long after cochlear processing is adult-like. If quantitative
behavioral measures can be obtained from nonhuman animals
during development, we can then use these phenotypes to
establish the relationship between neural processing and
normal perceptual maturation. Additionally, we can ask whether
perceptual skills that remain immature are relatively more vulner-
able to experience manipulations, including vocal learning and
hearing loss. If specific postnatal experiences can be tied to
distinct alterations to a behavioral phenotype, there emerges
a second set of opportunities to relate neural processing to
perception.
Progress toward linking early experience to neural plasticity
will require that measures of neural plasticity in developing
animals take advantage of accompanying measures ofNeuron 72, December 22, 2011 ª2011 Elsevier Inc. 923
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Reviewperceptual development. Challenges in this pursuit include
finding measures of perception that are consistent between
juveniles and adults, disambiguating the effects of cochlear
and CNS development on skill acquisition, considering cognitive
and attentional changes over development, and identifying
specific neural mechanisms that underlie specific percepts.
The opportunities described here are potential starting points
to capitalize on aspects of auditory processing and model
systems for which there is already good evidence that changes
in neural processing parallel perceptual development.ACKNOWLEDGMENTS
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